We present the circuit board integration of a self-healing mechanism to repair open faults. The electric field driven mechanism physically restores fractured interconnects in electronic circuits and has the ability to solve mazes. The repair is performed by conductive particles dispersed in an insulating fluid. We demonstrate the integration of the healing module onto printed circuit boards and the ability of maze solving. We model and perform experiments on the influence of the geometry of the conductive particles as well as the terminal impedances of the route on the healing efficiency.
Open interconnect faults between inter layer vias, solder joints and routes are causes of poor reliability of printed circuit boards (pcbs). Several factors such as electro-migration, electro-static discharge, mechanical and thermal stress combined with poor fabrication are the cause of such faults 1 -6 . The advent of organic electronics permits integrated circuits on large area mechanically flexible substrates where long interconnects are prone to open circuit faults 7 . One means to improve the reliability of electronic circuits is by replicating important functional blocks. However, making allowances in track width for all interconnects and vias in high density pcbs becomes expensive in terms of cost, layout area and weight. Therefore integrating a real time repair mechanism that physical restores open routes has advantages.
There have been several reports on the online repair of open interconnects 8 -15 . Modulation of transmission line impedances was reported for high frequency application where active circuits sensed changes in impedance and offered correction to achieve best performance 9 .
With The role of geometry of conductive particles in the dispersion (in silicon oil) was studied with particles shaped as rods -metallic carbon nanotubes (CNTs) of 10 µm length, spheres -Cu of 10 µm diameter, and composite mixture of rods and spheres (CNTs and Cu).
Upon polarization, the interaction between two rods requires time for both rotation and translation, while spheres experience only translation. On the other hand, once aligned, the rods experience smaller drag as compared to spheres. Figure 2a shows the current through the interconnect at different field strengths using 0.8 mg/ml CNT dispersion, 100 mg/ml
Cu dispersion, and a composite dispersion of 0.5mg/ml CNT-100mg/ml Cu. were conducted using 100 mg/ml Cu particles and 50 V applied voltage. From the steady state current through the healed line the bridge resistance was calculated for each case. For zero terminal impedance, the current limited by the heal alone is mV 0 /Z b . The ratio of the repair time and this current is shown in Figure 4b as a function of the external impedance used.
For integration onto pcbs, the dispersion has to be isolated over the routes. This is achieved as a modular add on that does not change the existing pcb manufacturing technology. From the circuit layout, a template is created with raised features of the routes. A poly-dimethyl-silicoxane (PDMS) mat is molded to this template and overlaid on the pcb thereby creating conformable vesicles overlapping the routes. The dispersion is then injected into these vesicles (Figure 5a ). Figure 5b shows the testing of the pcb with a purposefully created open fault. Upon power up, the initially absent output of the amplifier begins to show after healing is complete. The dispersion concentration determines the parasitic impedances between adjacent routes. As the concentration of the homegenous dispersion is increased, the disperion shifts from being mostly insulating (high impedance) to mostly conducting (low impedance) with a critical threshold occuring with the presence of a percolative conductive path. For dispersions having low impedance, the signal in a route is strongly coupled to an adjacent route via the dispersion thereby increasing parasitic impedances. This results in poor signal to noise ratio and lower bandwidth. Therfore there exists a trade off between improved healing efficiency and increased parasitics due to an increase in dispersion concentration.
The mechanism of self-healing has an inherent ability to solve mazes [Supplementary Video 3] . 2D mazes with high sidewalls were constructed in PDMS with entry and exit points defined with electrodes ( Figure 6 ). Silicon oil was filled to a shallow level contained within the maze. Then a drop of the dispersion added at the entry was allowed to diffuse for some time. When a voltage was applied across the electrodes the dispersion bridged the entry to the exit (solving the maze) and did not diffuse beyond the exit and first chose the most direct path before attempting several other routes. As the size of the maze layout was The amplifier output is initially absent, but appears after repair.
of the order of cm, voltages of 1000 V (Figure 6a ) and 5500 V ( Figure 6b ) were applied to demonstrate the phenomena. The ability to solve mazes has a simple argument related to the strength of the electric field lines along the solution to the maze (Figure 6c ). Figure 6d shows the measured current between the entry and exit for the mazes. Perhaps a more general thermodynamic argument lies in the maximum entropy production principle (MEPP) 19 .
Given a potential drop between electrodes, MEPP demands the entropy production be maximized by the creation of a conductive path so as to maximize current and reduce the potential drop as rapidly as possible. This ability of the dispersion to bridge the two electrodes around obstacles aids the repair of routes around debris as shown in Figure 6e .
One could call this mechanism a thermodynamic automaton as it remains inert until the occurrence of the fault. The occurrence of the fault triggers the motive force to initiate repair. The movement and activity to repair the fault is the response to this force. The force naturally dies out once repair is satisfactorily complete. The modular add on to repair pcbs has applications for weight assignment in neural networks and space technology where faulty boards on satellites can be restored without the need for expensive retrieve and repair operations. 
